Alterations in rumen epithelial tight junctions (TJs) at the tissue and molecular levels during high-grain (HG) diet feeding are unknown. Here, 10 male goats were randomly assigned to either a hay diet (0% grain; n ϭ 5) or HG diet group (65% grain; n ϭ 5) to characterize the changes in ruminal epithelial structure and TJ protein expression and localization using scanning and transmission electron microscopy, quantitative real-time PCR, Western blot analysis, and immunofluorescence. After 7 wk of feeding, ruminal free LPS in HG group increased significantly (P Ͻ 0.001) compared with the hay group, and free LPS in the peripheral blood was detectable with concentrations of 0.8 Ϯ 0.20 EU/ml, while not detectable in the control, suggesting a leakage of LPS into the blood in the HG group. Correspondingly, the HG-fed goats showed profound alterations in ruminal epithelial structure and TJ proteins, depicted by marked epithelial cellular damage and intercellular junction erosion, down-regulation of TJ proteins claudin-4, occludin, and zonula occludens-1 mRNA and protein expression, as well as redistribution of claudin-1, claudin-4, and occludin. Furthermore, these changes in TJ proteins in the HG group were coupled with the upregulation of mRNA levels for the cytokines TNF-␣ and IFN-␥ in the ruminal epithelia. These results demonstrated for the first time that the HG diet feeding caused disruption of ruminal epithelial TJs that was associated with a local inflammatory response in the rumen epithelium. These findings may provide new insights into understanding the role of TJ proteins in the ruminal epithelial immune homeostasis of ruminants. rumen epithelium; high-grain diet; tight junction protein; lipopolysaccharide; inflammation IN CURRENT INTENSIVE RUMINANT production system, it has become common to use high-concentrate diets (high-grain, HG) to maximize energy intake and to improve milk production or daily weight gain, but highly fermentable diets can put the animal at risk. Rapidly fermentable nonstructural carbohydrates increase the rate of fermentation acid production in the rumen, and the accumulation of the acids leads to a decrease in ruminal pH, hyperosmolarity, and an increase in ruminal toxin concentration (2, 29). Previous studies have investigated the specific effect of low pH (9, 26), hyperosmolarity (20, 34), or an exposure to toxins (7) on ruminal epithelial barrier function in vitro. It should be acknowledged that any one or the combination of these factors may affect epithelial barrier function. In addition, the prominent histological alterations during HG feeding strongly suggest an impaired barrier function (35-37) that may provide the opportunity for the translocation of toxins and bacteria from the rumen into the blood, ultimately affecting animal health and productivity (28). Although there is fundamental knowledge about the consequences of HG feeding on ruminal epithelial barrier function, remarkably little information is currently available about the underlying molecular changes in ruminal epithelial barrier function during HG diet feeding.
IN CURRENT INTENSIVE RUMINANT production system, it has become common to use high-concentrate diets (high-grain, HG) to maximize energy intake and to improve milk production or daily weight gain, but highly fermentable diets can put the animal at risk. Rapidly fermentable nonstructural carbohydrates increase the rate of fermentation acid production in the rumen, and the accumulation of the acids leads to a decrease in ruminal pH, hyperosmolarity, and an increase in ruminal toxin concentration (2, 29) . Previous studies have investigated the specific effect of low pH (9, 26) , hyperosmolarity (20, 34) , or an exposure to toxins (7) on ruminal epithelial barrier function in vitro. It should be acknowledged that any one or the combination of these factors may affect epithelial barrier function. In addition, the prominent histological alterations during HG feeding strongly suggest an impaired barrier function (35) (36) (37) that may provide the opportunity for the translocation of toxins and bacteria from the rumen into the blood, ultimately affecting animal health and productivity (28) . Although there is fundamental knowledge about the consequences of HG feeding on ruminal epithelial barrier function, remarkably little information is currently available about the underlying molecular changes in ruminal epithelial barrier function during HG diet feeding.
The rumen epithelium (RE) of sheep and cattle has extensive barrier-forming properties, depending on the multicellular structure (stratum corneum, granulosum, spinosum, and basale) and the junctional complex that establish a barrier between sometimes hostile external environments and the internal milieu (12, 27, 38) . Tight junctions (TJs) located in the middle layers (stratum granulosum and spinosum) play a key role in maintaining the polarity of epithelial cells, regulating the permeability of the epithelial barrier and preventing the translocation of LPS and other toxins (12, 27) . The TJs consist of transmembrane proteins (claudins and occludin) that mediate adhesive functions and are linked to underlying plaque proteins, such as zona occludens-1 (ZO-1), which, in turn, associate with the cytoskeleton (8) . In monogastrics, the TJ proteins in gastrointestinal epithelia with highly dynamic structures regulate the degree of sealing, according to external stimuli and physiological and pathological conditions, and they place the mucosal epithelium at the center of interactions between the mucosal immune system and gastrointestinal contents, including dietary antigens and microbial products (11) . A recent study by Stumpff et al. (38) determined the full mRNA coding sequence of claudins 1, 4, and 7 in sheep. The expression and distribution patterns of the key TJ proteins claudin-1, claudin-4, claudin-7, occludin, and ZO-1 have been previously investigated in RE using Western blot analysis and immunofluorescence (12, 38) . To date, no studies known to the authors have investigated the changes in TJ proteins at the mRNA and protein expression levels during HG diet feeding.
The impairment of the epithelial TJ barrier, mainly caused by the changes in TJ protein expression and distribution (14, 16, 33) , is a widespread feature found in intestinal inflamma-tion, including ulcerative colitis, celiac disease, and Crohn's disease (10, 15, 16, 30, 42) . The disruption of intestinal TJs causes an increase in intestinal epithelial permeability and results in a "leaky" epithelial barrier, leading to LPS and bacteria translocation, causing the inflammatory responses in the intestine (39) . In ruminants, HG feeding is associated with rumenitis and multiple systemic manifestations, such as liver abscesses, septic emboli, and immunological complications (28, 29) . If the results from intestinal tissue of the monogastric animals also apply to the RE, it would appear that HG dietinduced local inflammation in RE is associated with the changes in TJ protein expression and localization.
In China, goat production is the largest production among ruminants. This may be because goats have stronger roughage resistance and stress resistance than cows and sheep, considering that China is short of good quality of forages and, consequently, a large amount of roughages is used for ruminants. In addition, a number of our previous studies have indicated that individual differences of goats are smaller than that of dairy cattle. Thus, we used the goats as a ruminant model to characterize the changes in TJ protein expression and distribution in RE during HG feeding. Furthermore, the relationship between these changes and the rumen local inflammation was also evaluated. Our study may provide new insights into the role of TJ proteins (claudins, occludin, and ZO-1) in ruminal epithelial immune homeostasis of ruminants and would also provide innovative possibilities for developing strategies to prevent the ruminal epithelial barrier dysfunction induced by HG-based metabolic disorders.
MATERIALS AND METHODS
Experimental design and management of goats. Ten ruminally fistulated, castrated male goats (Boer ϫ Yangtze River Delta White) of 2-3 yr old were used in this study. The experimental design and procedures were approved by the Animal Care and Use Committee of Nanjing Agricultural University following the requirements of the Regulations for the Administration of Affairs Concerning Experimental Animals (The State Science and Technology Commission of P. R. China, 1988). All animals were fed a pure hay diet ad libitum for 5 wk before the start of this experiment to ensure adaptation to the lowenergy hay diet. Goats were randomly assigned to either control (hay; n ϭ 5) or HG treatment (HG; n ϭ 5), and placed in individual pens (1.2ϫ1.2 m) with free access to water. The body weights of the goats between the hay and HG group had no significant difference (29.8 Ϯ 0.86 vs. 30.0 Ϯ 1.05 kg; P ϭ 0.886) at the commencement of the feeding trial. The nutrient compositions of the hay and HG diets are presented in Table 1 . The diet (750 g dry matter per animal per day) was offered in equal amounts at 0830 and 1630 every day for 7 wk. The metabolic energy intake was slightly above the requirement for the maintenance of goats in the hay group and permitted a growth rate of 200 g/day in the HG group (30 kg body wt), according to the nutrient requirement of goats (NY/Y816 -2004; Ministry of Agriculture of China, 2004).
Sample collection. On day 50, goats were fed following the normal continuous feeding protocol and slaughtered at 4 -5 h after the last feeding in a local slaughterhouse, with four goats (two per treatment) slaughtered each day. The jugular vein blood was collected using a pyrogen-free blood collection tube containing 40 KIU Na-heparin/ml blood. Plasma was harvested by centrifuging the blood samples at 1,000 rpm at 4°C for 10 min immediately after collection, and the harvested plasma was stored in a pyrogen-free glass tube at Ϫ20°C until analysis for free LPS concentration. Immediately after blood collection, goats were stunned by captive bolt and killed by exsanguination, according to the animal protection law. Immediately after slaughter, a representative sample of rumen digesta (At least 200 ml) was used to determine the pH value and was then strained through 4 layers of cheesecloth. The sample (5 ml) used to detect LPS concentration was harvested by centrifuging at 13,000 g at 4°C for 40 min, and ϳ2 ml was collected and filtered into a pyrogen-free glass tube and heated at 100°C for 30 min. Samples were cooled at room temperature (19°C) for 10 min and stored at Ϫ20°C for subsequent LPS measurement. Five milliliters of ruminal fluid was stored at Ϫ20°C for lactic acid concentration determination. A sample of the ruminal fluid was preserved in 25% (wt/vol) metaphosphoric acid (5 ml ruminal fluid: 1 ml metaphosphoric acid) and stored at Ϫ20°C until later analysis for short-chain fatty acid (SCFA) concentration. Within 5 min after slaughter, a segment of the rumen wall from the ventral sac was collected, and the ruminal epithelium was separated from the muscular and serosal layers by blunt dissection and immediately washed three times in ice-cold PBS. The tissue was then cut into smaller pieces of ϳ0.5 ϫ 0.5 cm. These samples were frozen immediately in liquid nitrogen, and then used for extracting RNA and proteins. Washed papillae were immediately fixed in 4% PFA (Sigma, St. Louis, MO) and 2.5% glutaraldehyde for histomorphometric microscopy analysis.
Physiological parameter measurements. The pH of the rumen fluid was measured using a portable pH meter (HI 9024C; HANNA Instruments, Woonsocket, RI), and SCFAs were measured using capillary column gas chromatography (GC-14B, Shimadzu, Japan; capillary column: 30 mϫ0.32 mmϫ0.25-mm film thickness; column temperature ϭ 110°C, injector temperature ϭ 180°C, detector temperature ϭ 180°C) (31) . Free LPS in the rumen fluid and blood plasma was measured by a chromogenic end-point Tachypleus amebocyte lysate assay kit (Chinese Horseshoe Crab Reagent Manufactory, Xiamen, China) with a minimum detection limit of 0.01 endotoxin units (EU)/ml. Pretreated rumen samples were diluted until their LPS concentrations were in the range of 0.1 to 1 EU/ml relative to the reference endotoxin. Plasma samples used to determine free LPS were initially treated as recommended by Khafipour et al. (18) . In brief, frozen plasma samples were thawed at 37°C and vortexed; then, 100 l of each sample were diluted at least 10-fold with Tachypleus amebocyte lysate water. With regard to initial 10-fold dilution of samples, the minimum detection level of LPS in plasma was 0.1 EU/ml with this method. Microscopic study. Ten papillae per animal were prepared for light microscopy histomorphometric analysis using methods previously described by Odongo et al. (24) . PFA-fixed, paraffin-embedded papillae were sectioned at a 6-m thickness, stained with hematoxylin and eosin, and mounted for analysis. The microscopist was blinded to treatment conditions during the histomorphometric analysis. Measurements of each stratum were made using the ϫ40 objective lens, and five images were captured per papillae for a total of 50 replicates per measurement per animal. Image Pro Plus software (Media Cybernetics, Silver Spring, MD) was used to measure predefined criteria previously described by Steel et al. (37) . In brief, the stratum corneum was defined as the outermost cell layer that is heavily stained and composed of cell remnants (no nuclei), the stratum granulosum was defined as the layer of long-axis cells, which had lighter staining and lay perpendicular to that of the stratum spinosum and basale, and the stratum spinosum and basale were defined as the group of cells nested between the lamina propria and the stratum granulosum (Fig. 1, A and B). Additional papillae were prepared for electron microscopy using methodology reported by Graham and Simmons (12) . Washed papillae were immediately fixed in 2.5% glutaraldehyde for 24 h, postfixed for 1 h in 1% osmium, and dehydrated in a graded series of ethanol solutions. For scanning electron microscopy (SEM), the papillae were subjected to critical-point drying (using liquid CO 2 as the medium), mounted, and coated with gold. Samples were then examined using SEM (Hitachi Model S-3000N; Hitachi Technologies, Tokyo, Japan). For transmission electron microscopy (TEM), dehydrated samples were then placed in a mixture of Spurr resin and acetone (1:1) for 30 min, followed by 10 h in 100% resin. Samples containing resin were placed in molds and polymerized at 40°C or 60°C for 48 h. Semithin (0.25-0.5 m) sections were cut with glass knives and stained with 1% toluidine blue-O in 1% sodium borate. Ultrathin (70 -90 nm) sections were cut with a diamond knife, stained with methanolic uranyl acetate followed by lead citrate, and examined using TEM (Hitachi H-7650, Hitachi Technologies, Tokyo, Japan).
Immunofluorescent staining of TJ proteins. Tissue samples were fixed in 4% PFA for at least 4 h, followed by a 5-min exposure to 25 mmol/l glycine in PBS and successive incubation in 10, 20, and 30% sucrose in PBS for at least 60 min each. Samples were then frozen in liquid-nitrogen-cooled methylbutane and mounted in a cryostat (Leica CM1900; Solms, Germany) using Tissue-Tek OCT compound (Sakura, Zoeterwoude, The Netherlands), cut into 6-mthick sections and mounted onto glass slides. Slides were boiled for 20 min in EDTA buffer (1 mmol/l EDTA, pH ϭ 8, adjusted with NaOH) to unmask antibody binding sites. Cryosections were blocked with 5% bovine serum in PBS for 1 h, incubated overnight at 4°C with primary antibody, washed three times, and then incubated for 1 h at room temperature with secondary antibody. Staining was carried out using the following primary and secondary antibodies: rb-anti-claudin-1, m-anti-claudin-4, m-anti-occludin (Invitrogen, Carlsbad, CA), FITCconjugated goat anti-rabbit, and FITC-conjugated goat anti-mouse (Boster Bio-Engineering, Wuhan, China) at dilutions of 1:100 for primary and 1:50 for secondary antibodies. Controls were stained with secondary antibodies only. Nuclei were stained using 4=,6-diamidino-2-phenylindole (DAPI; final concentration 5 mmol/l). Images were obtained using a confocal laser microscope (Zeiss LSM700; Carl Zeiss, Jena, Germany) at 488 and 405 nm.
RNA isolation and cDNA synthesis. Total RNA was extracted from the RE samples with acid using TRIzol (Takara Bio, Otsu, Japan), as described by Chomczynski and Sacchi (6). The RNA concentration was then quantified using a Nanodrop spectropho- tometer ND-1000UV-Vis (Thermo Fisher Scientific, Madison, WI). The absorption ratio (260/280 nm) of all samples was between 1.96 and 2.09, indicating high-RNA purity. Aliquots of RNA samples were subjected to electrophoresis through a 1.4% agarose-formaldehyde gel to verify integrity. The concentration of RNA was adjusted to 1 g/l based on optical density and stored at Ϫ80°C. Total RNA (1 g) was reverse-transcribed carefully using a PrimeScript RT reagent kit with gDNA eraser (Takara Bio, Otsu, Japan), according to the manufacturer's instructions.
Primer design and quantitative RT-PCR. Primer sets were designed to recognize and amplify conserved nucleotide sequences encoding bovine, sheep, or goat TJ proteins and cytokines. cDNA sequences and/or homologue(s) were identified using the BLAST (basic local alignment search tool) computer program (National Center for Biotechnology Information, Bethesda, MD, USA). Primers were designed using the Primer3 computer program (Whitehead Institute, Cambridge, MA, USA), and the primer for GAPDH used was described by Wang et al. (40) . All of the primers were synthesized by Invitrogen Life Technologies (Shanghai, China). Real-time quantitative PCR of target genes and GAPDH were performed using the ABI 7300 real-time PCR system (Applied Biosystems, Foster, City, CA) with fluorescence detection of SYBR Green dye. Amplification conditions were as follows: 95°C for 30 s, followed by 40 cycles composed of 5 s at 95°C and 31 s at 57.5°C (for GAPDH) or 60°C (for others). Each sample contained 1-10 ng cDNA in 2ϫSYBR Green PCR master mix (Takara Bio), and 200 nmol/l of each primer in a final volume of 20 l. All measurements were performed in triplicate. A reverse-transcription negative blank of each sample and a no-template blank served as negative controls. The relative amount of each studied mRNA was normalized to GAPDH mRNA levels as a housekeeping gene, and the data were analyzed according to the 2 Ϫ⌬⌬CT method. The primers and amplicon sizes of all genes are presented in Table 2 .
Protein extraction and Western blot analysis. RE tissue was homogenized in lysis buffer PMSF (Beyotime Institute of Biotechnology, Shanghai, China) containing protease inhibitors (Beyotime Institute of Biotechnology). Membrane and cytosol proteins were extracted using a membrane and cytosol protein extraction kit (Beyotime Institute of Biotechnology). The protein concentration was then detected using an enhanced BCA protein assay kit (Beyotime Institute of Biotechnology). Sample proteins (40 g ) and a prestained proteinweight marker (Sunshine Biotechnology, Nanjing, China) were separated with SDS-PAGE in 12% polyacrylamide gels and transferred onto nitrocellulose membranes in Tris-glycine buffer with 20% (vol/ vol) methanol. The membrane was saturated with 5% (wt/vol) nonfat milk powder (Yili, China) prepared in Tris-buffered saline containing 0.1% Tween 20 (TBST) for 1 h at room temperature and was then incubated with primary antibody overnight at 4°C. The primary antibodies employed were rb-anti-claudin-1, m-anti-claudin-4, manti-occludin, and rb-anti-ZO-1 (Invitrogen, dilutions of 1:500 for claudin-1 and ZO-1, 1:800 for claudin-4 and occludin). The specificity of the antibodies was previously verified by Stumpff et al. (38) and was also confirmed in our preliminary experiment. After several washes with TBST, membranes were incubated in a 1:20,000 dilution of an anti-rabbit or anti-mouse HRP-conjugated secondary antibody (Sunshine Biotechnology, Nanjing, China). Membranes were incubated with a 1:10,000 dilution of HRP-conjugated mouse monoclonal ␤-actin antibody (Kangchen Biotechnology, Shanghai, China) to normalize the results. The signals were detected by chemiluminescence with Pierce ECL Plus Western blotting substrate (Thermo Fisher Scientific, Madison, WI), according to the manufacturer's instructions and visualized by luminescence imaging (LAS-4000, Fujifilm, Tokyo, Japan). The density of the blotting bands was then analyzed by using ImageJ software (National Institutes of Health, Bethesda, MD).
Statistical analysis. Data are presented as means Ϯ SE. Statistical significance was assessed by the independent sample t-test using SPSS (SPSS version 16.0.1 for Windows; SPSS, Chicago, IL) software packages. Correlation analysis was conducted using GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego, CA; www.graphpad.com) to determine whether there were possible relationships between the TJ proteins and cytokine mRNA levels. Differences between treatments were considered significant when P Ͻ 0.05.
RESULTS
Rumen fluid and plasma-free LPS, rumen fluid pH, SCFA, and lactic acid. As expected, the ruminal pH of HG-fed goats was lower (P Ͻ 0.001) than that of pure hay-fed goats (Table 3) . HG feeding increased the concentration of propionate (P Ͻ 0.001), butyrate (P Ͻ 0.001), valerate (P ϭ 0.002), isovalerate (P ϭ 0.019), total SCFA (P ϭ 0.001), and lactic acid (P Ͻ 0.001), and decreased the acetate concentration (P ϭ 0.009) when compared with the hay diet. The HG-fed goats had a higher free LPS concentration in the rumen fluid (P Ͻ 0.001), and the amount was almost twofold higher than that of the hay-fed goats. The HG diet induced detectable levels of free LPS in the peripheral blood, with concentrations of 0.80 Ϯ 0.20 EU/ml, while the free LPS in the blood of hay-fed goats was below the detectable accuracy of the kit (Table 3 ). These data demonstrated that the HG diet induced detrimental ruminal environment, depicted by high SCFA concentration, low pH value, and an accumulation of ruminal LPS.
Histology, morphology, and ultrastructure of rumen papillae. Representative light micrographs of rumen papillae cross sections from the hay and HG-fed goats are shown in Fig. 1, A and B. Cross sections of the rumen papillae viewed under the light microscope revealed that HG-fed goats had a higher thickness of ruminal epithelial stratum corneum (26.38 Ϯ 0.91 vs. 14.19 Ϯ 0.49 m; P Ͻ 0.001; n ϭ 250), but a less granulosum stratum thickness (17.67 Ϯ 0.40 vs. 25.64 Ϯ 0.58 m; P Ͻ 0.001; n ϭ 250) than hay-fed goats. No significant differences were observed in the thickness of the sum of the spinosum and basale stratum (81.26 Ϯ 2.13 vs. 79.02 Ϯ 2.21 m; P ϭ 0.465; n ϭ 250) between the hay and the HG group. Scanning electron micrographs of rumen papillae showed that desquamation, indentations, and dead keratinized cells throughout the surface of the papillae was more apparent following the HG treatment than the hay feeding (Fig. 1, C and D) . For the HG-fed goats, the rumen papillae surface cells exhibited profound cellular damage (Fig. 1F) and parakeratosis (Fig. 1, B and D) . Transmission electron micrographs of rumen papillae cross sections during the hay diet feeding displayed integrity and normal nuclei, mitochondria, and intercellular junctions (Fig. 2, B-D) . For the HG-fed goats, cellular necrosis, and cellular junction erosion appeared in all cell layers (Fig. 2, E-H) , and numerous vacuoles were apparent in deeper three-cell layers (Fig. 2,  F-H) , especially in the stratum spinosum and basale (Fig. 2G,  H) . Nuclear breakdown, mitochondrial swelling, and cellular junction erosion were apparent, and the intercellular boundaries were vague (Fig. 2, F-H) . The results showed that HG diet feeding caused profound impairment of ruminal epithelial structure, depicted by marked epithelial cellular damage and intercellular junction erosion.
TJ protein distribution in the ruminal epithelial tissue. To determine the changes in ruminal epithelial TJ protein localization in response to variable diets, immunofluorescent staining was performed. In RE tissues from hay-fed goats, claudin-1, claudin-4, and occludin were precisely localized to the surface of epithelial cells and were present in a continuous band at the cell borders (Fig. 3, A-C) . Furthermore, staining for claudin-1 reached the stratum basale and showed a slight tendency to decrease apically toward the stratum granulosum (Fig. 3A) , whereas staining for claudin-4 and occludin was inversely distributed, with the most intensive staining found in the granulosum stratum (Fig. 3, B and C) . In RE tissues from HG-fed goats, diffuse staining of claudin-1, claudin-4, and occludin was observed in the apical region (Fig. 3, D and F) , and the redistribution of occludin was most evident (Fig. 3F) . Staining of claudin-1 and claudin-4 became irregular, discontinuous staining at cell borders, and increased punctate staining was observed (Fig. 3, D and E) . Staining of occludin showed almost no staining at cell borders and large punctate staining in cytoplasm of RE tissue from HG-fed goats (Fig. 3F) . The results showed that HG diet caused a marked change in claudin-1, claudin-4, and occludin localization from the usual circumferential fencework pattern to one with substantial fragmentation. 
TJ proteins and cytokine expression in the ruminal epithelial tissue.
The TJ proteins claudin-1, claudin-4, occludin, and ZO-1 mRNA expression were detected by quantitative RT-PCR (Fig. 4B) . Overall, compared with the RE tissue of hay-fed goats, the RE tissue of HG-fed goats had a decline in the levels of claudin-4 (P ϭ 0.003), occludin (P Ͻ 0.001), and ZO-1 (P Ͻ 0.001) mRNA expression, while an increase in the levels of claudin-1 (P ϭ 0.001) mRNA expression. The protein Intensities of claudin-1, claudin-4, occludin, and ZO-1 were normalized to corresponding ␤-actin levels (D) (means Ϯ SE; n ϭ 4). All analysis was performed in triplicate. *P Ͻ 0.5, **P Ͻ 0.01, ***P Ͻ 0.001. ns, not significant.
expression of claudin-1, claudin-4, occludin, and ZO-1 were shown in Fig. 4 , C and D. The HG diet caused a decrease in the ruminal epithelial claudin-4 (P ϭ 0.042), occludin (P ϭ 0.008), and ZO-1 (P ϭ 0.001) protein expression levels, while, there was an increase in the levels of claudin-1 protein expression in the HG group (P ϭ 0.022). These data demonstrated that HG diet caused profound alterations in ruminal epithelial TJ proteins claudins, occludin, and ZO-1 mRNA, and protein expression.
The expression levels of cytokines as measured by qRT-PCR are shown in Fig. 4A . The data revealed that there was no significant difference of the IL-1␤, IL-6, and IL-10 gene expression in the ruminal epithelial tissue between the hay and HG-fed goats (P ϭ 0.066, P ϭ 0.082, and P ϭ 0.894, respectively). HG feeding increased the TNF-␣ (P ϭ 0.017) and IFN-␥ expression (P ϭ 0.012) compared with the hay treatment. The relationship between cytokine and TJ protein expression is shown in Fig. 5 . Correlation analysis revealed that there was a positive correlation between claudin-1 mRNA expression and IFN-␥ mRNA expression (Fig. 5C ) (P ϭ 0.03; R ϭ 0.68), claudin-4 mRNA expression was negatively correlated with TNF-␣ mRNA expression (Fig. 5A ) (P ϭ 0.0002; R ϭ Ϫ0.92), occludin was negatively correlated with IFN-␥ mRNA expression (Fig. 5D ) (P ϭ 0.01; R ϭ Ϫ0.75), and ZO-1 mRNA expression was linked with TNF-␣ (P ϭ 0.03; R ϭ Ϫ0.69) and IFN-␥ (P ϭ 0.03; R ϭ Ϫ0.68) mRNA expression (Fig. 5, B and E) . All the data showed that mRNA expression of the proinflammatory cytokines TNF-␣ and IFN-␥ was elevated in the HG-fed goats and was associated with specific TJ protein expression.
DISCUSSION
The ruminal epithelial barrier is a critical component of the immune system in ruminants (27) . Breakdown of ruminal epithelial barrier function is frequently observed in HG-fed ruminants (18, 19, 27, 28) ; however, remarkably little information is currently available about the underlying molecular changes in ruminal epithelial barrier function, especially the alterations in TJ proteins at the mRNA and protein expression levels during HG diet feeding. Our present study, for the first time, demonstrated that the HG diet caused both profound ruminal epithelial cellular damage and changes in TJ protein expression and distribution, which was associated with a local inflammatory response in the RE. These results may provide new insights into the role of TJ proteins (claudins, occludin, and ZO-1) in ruminal epithelial immune homeostasis of ruminants and would also provide innovative visions for understanding the development of the HG-induced rumenitis and multiple systemic manifestations, such as liver abscesses.
The cellular structure of the RE is complex, consisting of a number of distinct cell layers. Thus, the ruminal epithelial multilayer structure is not easily permeable to endotoxin and bacteria unless the RE structure is disrupted to a great extent. Additionally, Penner et al. (26) have demonstrated that a single mild episode of subacute ruminal acidosis does not affect ruminal barrier function in the short term. The author inferred that additional insults (parakeratosis and inflammation) or increased acid insult severity might induce sustained epithelial barrier dysfunction (26) . In addition, in production practice, impairment of ruminal epithelial barrier function is frequently found in high-producing ruminants, which are usually fed a highly concentrated diet for a relatively long time. Therefore, to monitor the HG-induced metabolic disorders in ruminant production practices comprehensively, we fed the goats a higher-grain diet (65% grain) lasting for a longer time (50 days). After 7 wk of feeding, the HG-fed goats showed profound alterations in ruminal epithelial structure, depicted by parakeratosis, loss of the granulosum cell layers, intercellular junction erosion, and cellular necrosis in deeper cell layers. Our data are consistent with the early study in the sheep rumen mucosa presenting the evidence that rapidly reducing buffer solution pH from 6.8 to 4.8 caused the intercellular junction erosion and cellular necrosis in deeper cell layers (9) . The similarity of the alterations in ruminal epithelial structure during long-term HG diet feeding to that reported in acid-treated RE in vitro suggests that the ruminal acidosis may be the major insult leading to ruminal epithelial structural lesions. However, our results are somewhat inconsistent with other in vivo studies that found dramatic RE structural adaptations, indicative of ruminal parakeratosis, while no impairment of the deeper cell layers and cellular necrosis during a short exposure (did not exceed 21 days) to a HG diet in dairy cows and lambs (35) (36) (37) . This discrepancy might be related to differences in feeding time.
The ruminal epithelial multicellular structure is not easy to be impaired; thus, the short-term HG challenge is insufficient to induce cellular necrosis in deeper cell layers, but the consecutive HG challenge could destroy the ruminal epithelial multicellular structure progressively, and finally cause the cellular necrosis in spinosum and basal stratum. To understand whether this impairment of ruminal epithelial structure involved disruption of TJs, our study further explored the alterations in ruminal epithelial TJ protein expression and distribution during long-term HG feeding.
In monogastrics, TJ protein defects or enrichment are causatively associated with a variety of human diseases, demonstrating that TJ proteins play important roles in human physiology (14, 16, 33, 39) . Our study, for the first time, reported the changes in expression and localization of TJ proteins involved in the ruminal epithelial barrier function with dietary variation. The data demonstrated that the claudin-4, occludin, and ZO-1 were depleted, but claudin-1 expression was up-regulated during long-term HG feeding. There are several possible explanations for these changes in TJ proteins. On the one hand, the changes in TJ proteins in RE may be associated with the impairment of ruminal epithelial structure. The HG diet feeding significantly decreased the granulosum stratum thickness, but did not change the sum of the spinosum and basale stratum thickness. Meanwhile, claudin-4 and occludin are mainly localized in the granulosum stratum. Thus, the decrease in claudin-4 and occludin expression in RE may be caused by the loss of the granulosum cell layers. In contrast, claudin-1 expression is stronger within the deeper layers, and a loss of surface cells would cause claudin-1 to be enriched. On the other hand, the low pH and high LPS concentration themselves may affect TJ protein expression and localization. Studies in the stratified squamous epithelium of the esophagus have presented evidence for the fact that acid stimulation disrupted the barrier function by modulating the amount and localization of TJ proteins in a cell culture model in vitro (3, 4, 25) . Many studies in intestinal epithelial cell lines have also demonstrated that LPS could damage the intestinal epithelial barrier function by altering the TJ proteins expression and/or localization (5, 13) . Perhaps a more likely explanation is that, in the RE of goats, claudin-1 does not contribute to barrier function as it does in the colon (30) and esophagus (25) and that the loss of barrier function is due to the loss of claudin-4, occludin, and ZO-1. Nevertheless, the mechanisms behind these changes in TJ proteins during HG diet feeding need to be further elucidated.
Local inflammation in RE, i.e., rumenitis, is commonly associated with HG feeding or rapid increases in the proportion of dietary concentrate (23, 28) . However, the relationship between this inflammation and TJ expression in RE was unknown. In the current study, mRNA expression of the proinflammatory cytokines TNF-␣ and IFN-␥ was elevated in the HG-fed goats and was associated with specific TJ protein expression. These data indicated that HG diet-induced local inflammation in RE is associated with the changes in TJ protein expression. The disruption of ruminal epithelial TJs may cause an increase in ruminal epithelial permeability and result in a "leaky" epithelial barrier, leading to LPS and bacteria translocation, triggering the inflammatory responses in RE. In turn, the cytokines (TNF-␣ and IFN-␥), as types of endogenous factors, have been found to play an important role in the regulation of the epithelial barrier function by changing the expression and distribution of TJ proteins (16, 21, 22, 41, 42) . It is possible that the up-regulated TNF-␣ and IFN-␥ could alter the ruminal epithelial TJ protein expression and distribution in the current study. In this manner, inflammation and barrier dysfunction may trigger each other, ending up in a vicious circle. Such a pathway could contribute to the initial development of rumenitis and other metabolic diseases during HG diet feeding.
The TJ proteins in gastrointestinal epithelia with highly dynamic structures play important roles in animal physiology homeostasis. Mutation or deletion of individual family members can have profound effects on tissue structure and function (39) . Occludin is now widely accepted as a regulator of TJ assembly and function (1, 32) . A recent study demonstrated that occludin depletion in intestinal epithelial cells in vitro and in vivo leads to a selective and preferential increase in the flux of macromolecules, including LPS and bacteria (1). In our study, the loss of occludin induced by the HG diet was consistent with most intestinal inflammation studies in the colon (10, 16, 42) . The loss of ruminal epithelial occludin may potentially increase the flux of macromolecules, leading to LPS and bacteria translocation, which may result in the selective cell loss of the stratum granulosum and threaten the deeper cell layers (showing cellular necrosis in stratum spinosum and basale in our study). The similar morphological changes as in our current study were presented in the acid-treated RE in vitro study, and these morphological alterations were accompanied by an increase in tissue conductance and J ms Na, which indicates passive permeability (9) . Evidence also exists that the high-concentrate diet feeding (grain as in the present study) increased the ruminal epithelial passive permeability in Ussing chamber experiments (19, 20) . These earlier findings are in a good agreement with the assumption of increased passive permeability during HG diet feeding in the present study. Meanwhile, free LPS in the jugular vein plasma was detectable in the HG-fed goats, while not detectable in hay-fed goats. It is suggested that the disruption of ruminal epithelial TJs associ-ated with the broad range of epithelial cell defects in the RE may increase the ruminal epithelial permeability and lead to the translocation of large molecules, such as LPS from the rumen into the blood. However, it cannot be ruled out that the detectable LPS in blood translocated from the other digestive tract (7, 17, 18) . Nevertheless, these results demonstrated that the breakdown of ruminal barrier involving both the cellular necrosis and disruption of TJs potentially increased the ruminal epithelial permeability, providing opportunity for the ruminal LPS translocation into the blood during HG diet feeding.
Perspectives and Significance
Our findings characterize the first detailed changes in ruminal epithelial barrier function at the structural and molecular levels during HG diet feeding and also provide new insights into the relationship between TJs disruption and local inflammation in RE. Our findings suggest that the HG diet-induced ruminal epithelial barrier dysfunction involving both cellular necrosis and disruption of TJs may be likely responsible for the cumulative effect commonly known as rumenitis. Furthermore, the translocation of LPS may be associated with the breakdown of ruminal epithelial barrier. To advance our knowledge, further experimental exploration will be needed to elucidate the mechanisms as to how HG feeding induce ruminal epithelial barrier dysfunction, as well as the relationship between ruminal epithelial barrier dysfunction and HG diet-induced metabolic disease, which seem to be of great importance for preventing these diseases.
